Sensorineural hearing loss is genetically heterogeneous. Here, we report that mutations in CIB2, which encodes a calcium- and integrin-binding protein, are associated with nonsyndromic deafness (DFNB48) and Usher syndrome type 1J (USH1J). One mutation in CIB2 is a prevalent cause of deafness DFNB48 in Pakistan; other CIB2 mutations contribute to deafness elsewhere in the world. In mice, CIB2 is localized to the mechanosensory stereocilia of inner ear hair cells and to retinal photoreceptor and pigmented epithelium cells. Consistent with molecular modeling predictions of calcium binding, CIB2 significantly decreased the ATP-induced calcium responses in heterologous cells, whereas mutations in deafness DFNB48 altered CIB2 effects on calcium responses. Furthermore, in zebrafish and Drosophila melanogaster, CIB2 is essential for the function and proper development of hair cells and retinal photoreceptor cells. We also show that CIB2 is a new member of the vertebrate Usher interactome.
Sensorineural hearing loss is genetically heterogeneous.
Here, we report that mutations in CIB2, which encodes a calcium- and integrin-binding protein, are associated with nonsyndromic deafness (DFNB48) and Usher syndrome type 1J (USH1J). One mutation in CIB2 is a prevalent cause of deafness DFNB48 in Pakistan; other CIB2 mutations contribute to deafness elsewhere in the world. In mice, CIB2 is localized to the mechanosensory stereocilia of inner ear hair cells and to retinal photoreceptor and pigmented epithelium cells. Consistent with molecular modeling predictions of calcium binding, CIB2 significantly decreased the ATP-induced calcium responses in heterologous cells, whereas mutations in deafness DFNB48 altered CIB2 effects on calcium responses. Furthermore, in zebrafish and Drosophila melanogaster, CIB2 is essential for the function and proper development of hair cells and retinal photoreceptor cells. We also show that CIB2 is a new member of the vertebrate Usher interactome.
We previously mapped to chromosome 15q23-q25.1 a locus associated with type 1 Usher syndrome (USH1H) that segregated in two families and a locus associated with autosomal recessive nonsyndromic hearing impairment (ARNSHI) (DFNB48) that segregated in five families 1, 2 . Subsequently, we identified 52 additional families with DFNB48 ( Supplementary Figs. 1 and 2) . Here, we report that, in affected subjects in 54 Pakistani families with DFNB48, we found a homozygous mutation (c.272T>C, p.Phe91Ser) of CIB2 (Figs. 1 and 2a and Supplementary Fig. 3) , and, in two families with DFNB48 (DEM4025 and DEM4225), we identified a c.297C>G (p.Cys99Trp) CIB2 mutation that cosegregated with deafness ( Figs. 1 and 2a) . Hence, mutation of CIB2 is one of the major causes of ARNSHI within the Pakistani population ( Supplementary Tables 1 and 2 ). In addition, a c.368T>C transition in CIB2 (p.Ile123Thr) cosegregated with ARNSHI in a Turkish family with DFNB48, family 802 ( Figs. 1  and 2a) . SNPs linked to CIB2 were genotyped in unrelated affected individuals homozygous for the c.272T>C and c.297C>G mutations, and the flanking haplotypes were consistent with a founder effect for both alleles (Supplementary Tables 3 and 4) .
The CIB2 gene lies distal to the critical interval of the USH1H locus that was defined by linkage analysis in family PKDF125 (ref. 2). As expected, no mutations in exons of CIB2 were found in affected members of family PKDF125. However, affected individuals in another family with USH1, PKDF117 (Fig. 1c) Table 5) .
CIB2 belongs to a family of calcium-and integrin-binding proteins containing three or four EF-hand domains that change conformation upon binding of calcium and presumably mediate intracellular calcium signaling 5, 6 . Human CIB2 encodes three alternatively spliced isoforms, all of of which are affected by the four mutations identified in USH1J and deafness DFNB48 (Fig. 2a) . The CIB1 protein is 38% identical and 59% similar to CIB2, and its crystal and nuclear magnetic resonance (NMR) structures 7, 8 were used to model the effects of mutations in USH1J and deafness DFNB48 (Fig. 2b,c) . Three of the affected residues, which are conserved, Glu64, Phe91 and Cys99 ( Supplementary Fig. 4 ), are in a region implicated in interaction with the C-terminal unstructured, negatively charged tail of αIIβ integrin 7, 8 . The substitutions at these residues may weaken the interaction of CIB2 with integrin (Fig. 2b,c, Supplementary Fig. 5 and Supplementary Table 5), affecting integrin activation 9 and possibly the efficiency of calcium sequestration by CIB2, as a result of potentially subtle changes in subcellular localization. In the absence of integrin, Arg33 forms a salt bridge with Glu64 (Fig. 2b) . However, in the presence of (a) Human CIB2 has six exons encoding three isoforms. Noncoding segments, sequences encoding EF-hand domains and other coding regions of exons are denoted by gray, blue and black boxes, respectively. The mutation and protein alteration identified in USH1J are shown in red, and the changes identified in DFNB48 are shown in black. (b) Molecular models using for a template the Protein Data Bank (PDB) 1XO5 crystal structure of Ca 2+ -CIB1. (c) Model of CIB2 using a template for the NMR structure of CIB1 bound to αIIβ integrin peptide 7 . In b and c, the backbone ribbon is colored blue (N terminus) to red (C terminus), and two Ca 2+ ions are represented by blue spheres. (d) Calcium responses in COS-7 cells transfected with five different DsRed-tagged CIB2 constructs. Data are normalized to the average response of mock-transfected cells and are shown as mean ± s.e.m. ***P < 0.001; **P < 0.01; *P < 0.05. The p.Cys99Trp alteration abolished the ability of CIB2 to decrease ATP-induced calcium release from the cell, whereas the p.Ile123Thr alteration enhanced this ability. (Fig. 2c) . The p.Glu64Asp alteration might change the energetic cost of accommodating the integrin C-terminal tail, thereby affecting binding affinity or kinetics. Phe91 lines the effector-binding pocket, and the p.Phe91Ser alteration might therefore disrupt effector binding. Similarly, substitution at Trp99 may alter the effector-binding pocket or calcium binding by the second EF-hand domain. In contrast, the p.Ile123Thr alteration is located within the second CIB2 EF-hand domain neighboring Thr122, a Ca 2+ -coordinating residue. Our molecular modeling predicts that the p.Ile123Thr alteration increases the affinity of calcium binding (Fig. 2b,c) .
To experimentally explore the effects of these CIB2 mutations on intracellular calcium signaling, we used ratiometric Ca 2+ imaging to measure ATP-induced inositol triphosphate (IP 3 )-dependent calcium responses 10 in transiently transfected COS-7 cells. Cells expressing wildtype CIB2 had a 40% decrease in ATP-induced Ca 2+ release compared to cells transfected with empty vector (Fig. 2d and Supplementary  Fig. 6 ). The inhibitory effect of CIB2 on calcium responses could be due to its calcium-buffering ability 6 or, similar to CIB1 and CaBP1, could be due to CIB2 interaction with IP 3 receptors [10] [11] [12] [13] . None of the four missense mutations resulted in notable changes in CIB2 distribution (data not shown). However, the p.Cys99Trp alteration abolished the ability of CIB2 to decrease Ca 2+ release, whereas the p.Ile123Thr alteration enhanced this inhibition (Fig. 2d) . These observations are consistent with modeling predictions of the effects of CIB2 mutations on the calcium-binding affinity of CIB2.
CIB2 is widely expressed in human and mouse tissues, including in the inner ear and retina (Supplementary Fig. 7 ). Transcriptome analysis showed a 57-fold enrichment of Cib2 mRNA in mouse cochlear hair cells at postnatal day (P) 7 compared to supporting cells (SHIELD; see URLs). Cib2 immunoreactivity was first observed at P2 in the organ of Corti and vestibular organs and was limited to supporting cells in the developing organ of Corti up until P8 (Supplementary Fig. 8a,b) . Cib2 was observed in the cytoplasm of adult supporting cells, in the inner hair cell (IHC) and outer hair cell (OHC) cuticular plate and along the length of stereocilia (Fig. 3a-d and Supplementary Fig. 8a-k) . Cib2 staining was often more intense at shorter row stereocilia tips than in the neighboring stereocilia of a longer row (Supplementary Table 6 ), Precipitates were immunoblotted with antibodies to CIB2 and whirlin. As a control for no interaction, we transfected cells with the construct expressing CIB2-GFP and with either DsRed or tdTomato empty vector and did not observe an interaction (supplementary Fig. 10b,c) .
l e t t e r s
where it may be involved in calcium signaling that regulates mechanoelectrical transduction 14 . In P25 vestibular hair cells, Cib2 was also localized along the length of stereocilia and was concentrated in patches toward the tips of stereocilia (Fig. 3e,f) . Gene gun transfection of auditory and vestibular hair cells with a CIB2-GFP expression vector resulted in targeting and concentration of CIB2-GFP in stereocilia tips ( Fig. 3g-j) . Notably, CIB2-GFP was also more concentrated at the tips of shorter row stereocilia. Many members of the USH interactome bind to myosin VIIa and whirlin 15, 16 . We show that CIB2 can multimerize and that it interacts with whirlin, which is localized at the tips of stereocilia 17 , and myosin VIIa (Fig. 4 and Supplementary Fig. 9 ). No interaction of CIB2 was found with the other reported USH proteins. Thus CIB2 is a member of the USH interactome (Supplementary Fig. 10 ). To explore whether myosin VIIa or whirlin are necessary for CIB2 localization at hair cell stereocilia tips, we immunostained organs of Corti from homozygous shaker-1 (Myo7a 4626SB ) and whirler (Whrnwi) mice using antibody to CIB2. We observed no mislocalization of Cib2 in stereocilia of homozygous Myo7a-or whrn-mutant mice (Supplementary Figs. 8i-p and 11) , indicating that, in vivo, myosin VIIa and whirlin are not required for localization of Cib2 in mouse inner ear hair cell stereocilia.
We next probed the function of Cib2 in the sensory cells of the ear and eye, which we studied in zebrafish, where cib2 (NM_200706.1) is expressed throughout development (Supplementary Fig. 12a ). Using specific cib2-targeting morpholinos, we knocked down cib2 in embryos (Supplementary Figs. 12b and 13) . We categorized the phenotypes at 72 hours post-fertilization (h.p.f.) into class 1 (normal appearance), class 2 (tail defect), class 3 (tail defect, microphthalmia and blood pooling) and class 4 (hypopigmentation, microphthalmia, tail defect and delayed development) (Fig. 5a,b) . Approximately 80% of 5-d-old morphants did not respond to acoustic stimuli or were unable to remain upright while swimming (Fig. 5c) . Scanning electron microscopy (SEM) revealed a marked decrease in the number of hair cell patches (neuromasts) in morphants ( Fig. 5d-k) . However, among class 1 and 2 morphants, we found some neuromasts with hair cell bundles ( Fig. 5f-i and Supplementary Fig. 14) . To assess the functional status of neuromast hair cells in the lateral lines, we briefly exposed larvae to FM1-43, a styryl pyridinium dye that enters the hair cells via partially open MET channels at rest [18] [19] [20] [21] , or its fixable analog, AM1-43. Controls showed prominent fluorescent neuromasts at the head and lateral line regions (Fig. 5l) . Morphants had few or no fluorescent neuromasts at 96 h.p.f. (Fig. 5l) . We measured the microphonic potentials of these neuromasts, and, consistent with FM1-43 dye uptake, we observed a reduction in extracellular receptor potentials in morphant embryos relative to scrambled morpholino-injected controls (Fig. 5m-o) , which could be a result of nonfunctional or degenerating MET components in lateral-line hair cells. Thus, Cib2 function is essential for development, maintenance and/or function of the mechanosensory hair cells in zebrafish.
In the mammalian inner ear, an optimal intracellular Ca 2+ concentration is critical for MET, adaptation, frequency tuning, hair bundle twitching, outer hair cell electromotility and afferent synaptic transmission [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Ca 2+ concentrations in stereocilia depend on mobile calcium buffers, a mitochondria belt beneath the cuticular plate, and PMCA, a Ca 2+ -ATPase 14, 22, [33] [34] [35] . Hair cell bundles of both cochlear and vestibular organs differentially express various calciumbinding proteins, including calmodulin, calretinin, parvalbumin and calbindin-D28K 33, [36] [37] [38] [39] [40] [41] [42] , and mobile buffers that help maintain an optimal Ca 2+ concentration. On the basis of stereocilia tip localization of Cib2, one may hypothesize that Cib2 temporarily sequesters calcium entering the stereocilia through MET channels until this npg l e t t e r s calcium exits the stereocilia through PMCA 35, [43] [44] [45] [46] or is taken up by mitochondria beneath the cuticular plate. Another plausible function of Cib2, which is not mutually exclusive, is the maintenance of calcium homeostasis in the hair cell body, which, in turn, may modulate OHC electromotility 28, 29, 47 . Furthermore, Cib2 is also concentrated in the cuticular plate region of hair cells, where an ATPgated IP 3 -dependent intracellular Ca 2+ store is located 12 . Similar to CaBP1, Cib2 may interact directly with IP 3 receptors 10 , modulating purinergic responses in OHCs 12 . The analysis of hair cell physiology in a Cib2-mutant mice would help clarify and distinguish between some of these hypotheses.
To gain insight into the function of Cib2 in the mammalian eye, we determined the localization of Cib2 in the mouse retina. Cib2 immunoreactivity was observed in inner and outer segments of photoreceptor cells, as well as in the retinal pigmented epithelium (RPE). Diffuse immunoreactivity was also observed in the inner (IPL) and outer (OPL) plexiform layers and in the ganglion cell layer (Supplementary Fig. 15) .
The Drosophila genome encodes one CIB-related gene, CG9236, which codes for a protein similar to human CIB2 (59% identical and 71% similar). CG9236 (referred to here as cib2) is expressed in several tissues, including the adult eye 48 . Calcium levels control many aspects of Drosophila phototransduction 49, 50 . To further assess Cib2 function, we measured phototransduction activity with electroretinograms (ERGs) following cib2-knockdown through RNA interference (RNAi). cib2 RNAi flies showed significantly reduced photoresponse amplitude (Fig. 6a,b) and impaired responses to flicker stimuli at high frequencies (Fig. 6c,d) . cib2 RNAi flies failed to reliably follow individual pulses by ~40 Hz, whereas controls only exhibited this behavior by ~70 Hz (Fig. 6c) . The response amplitudes of cib2 RNAi flies to individual flicker stimuli also approached noise levels at lower frequencies than those of controls (Fig. 6d) . Finally, cib2 RNAi flies failed to sustain an adequate photoresponse during prolonged stimulation, even at a low frequency of 1.7 Hz (Fig. 6e,f) . Collectively, these data indicate that cib2 in Drosophila is necessary to achieve a strong, sustained photoresponse and to track fast light stimuli, phenotypes consistent with transiently elevated intracellular Ca 2+ concentrations 49, 50 .
Because calcium dysregulation is associated with retinitis pigmentosa and light-induced retinal degeneration 50 , we analyzed photoreceptor morphology in cib2 RNAi flies. Control and cib2 RNAi flies showed no obvious eye dysmorphology when raised under 12-h light:12-h dark conditions (Fig. 6g) . However, cib2 RNAi flies exhibited significant photoreceptor degeneration when raised under constant light for 5 d (Fig. 6g) . Thus, cib2 is required for proper phototransduction and prevention of light-dependent retinal degeneration. These physiological and morphological phenotypes are consistent with the presence of an elevated intracellular Ca 2+ concentration 49, 50 , which inhibits the phospholipase C activity that normally activates cationpermeable TRP channels opening in response to light 51 . High levels of intracellular calcium are also known to inactivate TRP channels and thereby reduce the photoresponse 51 . Several previous studies have indicated that proper calcium regulation and phototransduction are necessary to maintain photoreceptor integrity, and defects in calcium regulation render individuals particularly sensitive to light-induced photoreceptor degeneration 49, 50 .
In summary, CIB2 mutations underlie USH1J and nonsyndromic deafness DFNB48. Because Cib2 is concentrated in stereocilia and interacts with myosin VIIa and whirlin and Cib2 morphants have reduced hair cell microphonic potential, we speculate that human CIB2 participates in calcium regulation in the mechanotransduction process. Our studies reveal that, as in humans, Drosophila Cib2 is critical for proper photoreceptor maintenance and function and that CIB2 has conserved roles in calcium homeostasis.
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